Abstract-This paper proposes a novel technique, known as the variable-height timing window (TW), for rejecting noise in an active source detection system. The basic principle of a TW and a methodology of using a microprocessor to dynamically adjust the height of the TW are presented. This variable-height TW technique has been applied to a laser-based detection system (LBDS) for detecting vehicle information on highways. Field-test results of the LBDS showed that the adaptive nature of the proposed TW approach can effectively reject various types of noise under different environmental conditions. This variable-height TW technique can also be used to remove out-of-window noise and suppress the effect of in-window noise in various field environments in which the signal/noise (S/N ) ratio is variable.
T HE EMERGING applications in the detection of physical phenomena enable large-scale cognition and reconstruction of the real world. These applications include but are not limited to areas such as contamination and purification, climate prediction, building structures, transportation and traffic control, and even remote harsh environments. Active source detection systems are more reliable in obtaining signals of real phenomena when applied to unpredictable environments, since detection signals vary within different application environments such as indoor/outdoor, day/night, and even with different testing sites. Most systems utilize a repetitive pulse signal as a source to cut down on energy consumption and to be safer for people. Since these systems utilize a pulsed source, they have intrinsic special features for noise processing.
All detection systems are subject to several different types of noise, such as impulse noise [1] , interference noise [2] , and offset noise for capacitive systems [3] . Any of these types of noise may seriously affect the tolerance, precision, and accuracy of detection and can be classified broadly as either a systematic noise or a random noise [4] . Systematic noise arises from changes in the running conditions, e.g., temperature, humidity, or the aging of sensors. A random noise may include random external sources, random hardware noise, environmental effects, etc. The addition of noise rejection and/or cancellation into any detection system with an ability to change its sensitivity to the source signal would improve its performance and increase its reliability.
The example given in this paper is the integration of a variable-height timing window (TW) technique into a laserbased detection system (LBDS) [5] that is developed to detect the velocities and lengths of vehicles on the highway. The system is used outdoors and must adapt to changes in weather and climate, which affects the signal/noise (S/N ) ratio of the detection system through the addition of noise, and changes in the magnitude of the reflected signal. This example shows that the use of a variable-height TW to reject noise makes the detection system not only more adaptive to its environment but also more reliable.
In this paper, the basic principle behind TWs is described first. Then, an adaptable noise-rejection method to handle variable S/N -ratio pulse signal using a variable-height TW is presented. Finally, this method is applied to the LBDS, and field-testing results from the highway are presented.
II. WORKING PRINCIPLE OF TWS
A TW is just a narrow pulse that is used to extract a small regime from an input source, as shown in Fig. 1 the TW are ignored. In Fig. 1, signal i(t) is the original input pulse signal. Signal r(t) is a variable bottom TW signal that is synchronized with i(t). Signal u(t) is the digital output. Signal r 0 (t) is the input reference signal. This simple principle can be used to reject most noises and extract the portion of the signal that is wanted.
This paper assumes that all inputs and outputs follow the transistor-to-transistor-logic (TTL) standard in which the highest voltage is 5 V and the lowest is 0 V. If i(t) > r(t), then the output u(t) will be low; otherwise, u(t) will be high. The variable reference pulse signal r(t) should be synchronized to i(t) time t 0 . Assume that the period of the signal is T , the magnitude of signal is M i (t), and the magnitude of noise is M n (t). Then
When no signal is input, the output should be high. M i (t) = 0, and u(t) = 1. This gives r(t) as
In order for the output to be low inside of the TW, t ∈ [t 0 + nT, t 0 + tw + nT ] and u(t) = 0, we find that r(t) must be
From (3) and (4), we can get
Typically, we set (6) , shown at the bottom of the page. Fig. 2 shows the implementation of a simple TW using a comparator in order to produce a digital output. A potentiometer and a variable reference signal are used to change the height of the TW pulse. Having a static resister would make the TW's height static. Knowing the magnitude of the input noise and signal, we can then set the appropriate height of the TW (r(t)) by modifying the potentiometer in order to pick up the signal and filter out the noise. Since r(t) is dependent on M i (t) and M n (t), the measurement of M i (t) and M n (t) is extremely important and will be discussed in Section III-B.
III. AUTOMATIC CONFIGURATION OF THE TW
As mentioned in the previous section, the TW pulse r(t) is adjusted by a potentiometer (R). To automatically set the value of R 1 to a proper value that makes r(t) have the value expressed in (6), a microprocessor has been introduced into the system to control a digitally controlled potentiometer (DCP). This section introduces the basic working principle of a DCP and how the microprocessor sets a proper DCP value based on step numbers corresponding to the laser signal and noise.
A. Digitally Controlled Potentiometer (DCP)
A DCP is controlled by two digital inputs in the form of pulses. One input determines whether to increase or decrease the DCP while the other one is a control signal. The resistance of a DCP is quantized into small steps, allowing users to slowly increase or decrease the DCP but not as smoothly as a stepless potentiometer.
The amount of steps the DCP can take is DCP dependent. Let us assume n is the total amount of available steps, n i is the current step number, R is the total resistance of the DCP, and R 1 is the set resistive value. In Fig. 2 , if R 1 = 0, then r(t) = 0 V (r 0 (t) = 0 V in the TW), and if R 1 = R, then r(t) = 5 V, and r(t) can vary from 0 to 5 V. Therefore
From (6) and (7), we can get the required DCP position (n i ).
where ∀ is any value from 0 to n, because r 0 is equal to 5 V outside the TW. Therefore
The value r(t) depends on the current step of the DCP (n i ). From (9), we get n i from M n and the S/N . Therefore, measuring M n and S/N is a key issue. We will discuss this in the next section. 
B. Configuration Procedure
The microprocessor sets the proper value of r(t) according to the feedback from the output. Fig. 3 shows the block diagram of the configuration circuit.
The microprocessor increases one step of DCP when u 1 (t) is high(=1). Thus, we get r(t) as
Here, the initial condition is r(0) = 0, and 5/n is the step value of the DCP. When the system reaches steady state, t = t s , u 1 (t s ) = 0, and the DCP is at a step number of N s . R s is the steady-state value of the TW signal r(t) when u 1 (t) is zero. Therefore
The height of the bottom line of r(t) is determined by the number of steps that the DCP requires from the initial condition r(0) = 0 to the final proper height. This step count (N r ) is calculated by two numbers N sn and N si . N sn stands for the step count of DCP when the bottom line of r(t) increases from zero to the magnitude of noise under the condition of lasersource OFF, while N si stands for the step count of DCP when the bottom line of r(t) increases from zero to the magnitude of laser signals. The algorithm of setting the proper step value of r(t) is shown in Fig. 4 . Fig. 4(a) is the procedure for finding the step number N si , and Fig. 4(b) is the procedure for setting the step number for the TW. When the procedure is initiated in Fig. 4(b) , the microprocessor first finds the value of N sn by increasing the DCP and monitoring the output of the monostable. Then, it finds the value of N si in a similar way. Finally, the microprocessor calculates the step number of TW according to the values of N sn and N si .
The interrupts of the microprocessor are used to find N si and N sn . The output from the monostable is connected to the interrupt pin of the microprocessor. The microprocessor keeps incrementing the DCP until an interrupt is detected, which occurrs when the output of the DCP goes over the magnitude of noise under the condition of signal-source OFF or over the magnitude of signal with the signal source ON. The number of steps counted is the value of N sn or N si . The value of N sn is obtained when the laser is OFF, while N si is obtained when the laser is ON and the laser beam is unblocked. 
The signal i(t) consists of
is determined by environmental conditions, such as climate, season or the time of day, and electronic noise, which are uncontrollable. The signal M i (t) is the pure signal generated by the laser source that can be controlled by the microprocessor. When the microprocessor gets the values of both N sn and N si , the proper value of the TW signal r(t) can be obtained by setting N r = (N si + N sn )/2 The signal r(t) is calculated as follows:
IV. APPLICATION OF NOISE REJECTION USING MICROCHIP-CONTROLLED TW IN LBDS
The LBDS project is supported by the California Department of Transportation. The optical and electronic designs for a field prototype have been described in [5] and [6] , and a patent for this detection system has been approved by the U.S. Patent Office [7] . This project aims to acquire parameters from moving vehicles such as speed and length.
One of the most serious problems in the transportation system is traffic congestion. In order to solve this problem, transportation systems should be more intelligent, which is known as the "intelligent transportation system" (ITS). ITS uses intelligence to enhance the operation of the transportation system based on survey information [8] - [10] . Travel time is a key quantitative parameter for ITS surveillance systems [11] . In addition, travel time is a major indicator of other direct constraints on ITS efficiency: environmental emissions, fuel costs, accident risk, and driver stress. Since travel time is the parameter that travelers most want to know, the detection of this parameter will always be of a very high value. The LBDS is used to measure the speed, which is commonly used as an indicator of the travel time across a link of highway, and other parameters such as the length and profile of vehicles on the highway.
The TW and its algorithms were applied to a recent version of the LBDS. The results of the system showed improvements. Much of the highway field-testing noise was rejected and adjustments to the system were easier and faster compared to older versions [12] .
A. System Architecture of LBDS
The working principle of the LBDS is shown in Fig. 5 . A laser pulse is projected onto the road and then reflected from the road into the receiver area. Using optical lenses, the reflected laser pulse can be focused onto the photodiode array, and analog signals can be generated. When a vehicle passes under our system, the reflected laser pulse will no longer fall into the active area of the photodiode array. This causes the photodiode array to stop generating analog signals.
The LBDS has two pairs of laser-sensor components as shown in Fig. 5 . The laser source is a long line beam and the sensor is an avalanche-photodiode (APD) array. When a vehicle passes underneath the LBDS, laser1 beam will be "blocked" first. Laser2 beam will be "blocked" later on. Utilizing the time interval between the blocking of two signals, the velocity of a vehicle can be obtained. Laser1 beam will be "unblocked" as the vehicle continues to pass underneath the system. The laser2 beam will also become "unblocked" at a later time. Based on all signals acquired, the length of a vehicle can be calculated.
Two laser sources are used to obtain parameters of vehicles, such as speed and length, as shown in Fig. 5 . To avoid any interference between the two laser sources, they are triggered at separate times. One is triggered at the rising edge of the trigger pulse signal, at nT , while the other is triggered at the falling edge of the trigger pulse signal, at nT + T /2. The output signal of the APD array, which is generated by the reflected laser light from the asphalt road surface, is very small (about 0.9 µA) [13] , [14] . Furthermore, sunlight includes light of the same wavelength as the laser beam. In order to pick up the weak signal from the noisy environment, the TW concept is introduced to eliminate the negative effects of the noise.
B. Circuitry Implementation
To adapt the changing environment, the height of the TW should be configured periodically. The periodical configuration of TW is feasible since the configuration can be automatically initiated by the microprocessor. However, for test purposes, we simply use a button to initiate the configuration procedure. The detection and TW circuitry is shown in Fig. 6 . The microprocessor is a Microchip 16F876. The signals from the monostable (74HC123) are introduced into the RB4-RB7 pins of the microprocessor. The microprocessor processes the signals and sends output pulses to the digital potentiometers to adjust their values. A push button BT0 is used to initiate automatic adjustment.
The purpose of the microprocessor pins are described as follows.
1) RA0-RA3 (output): CS of the Xicor DCP (XDCP) for channel0-channel3. 2) RA4 (output): INC of the XDCP for all channels. 3) RA5 (output): U/D control of the XDCP for all channels.
If it is high, the potentiometer value is increased; otherwise, it is decreased. 4) RB4-RB7 (input from sensors): These pins are connected to the outputs of monostable channel0-channel3. The level changes on the pins will cause an interruption to the microprocessor. The XDCP (X9317U) is introduced into our system. Its resistance can vary from 0 to 50 kΩ. It is a nonvolatile DCP. The device consists of a polycrystalline resistor array of 99 segments and CMOS switches that connect the wiper terminal to any one of the 100 nodes in the array of resistors. The wiper position is defined by data transmitted to the device on the three-terminal serial up/down port. A pulse on the increment pin causes the wiper to move one step to the next wiper position. The direction the wiper moves is defined by the logic state on the up/down pin. A rising edge on the chip-select (CS) pin while the increment pin is high causes the present wiper position to be written into an erasable-programmable read-only memory (EPROM) register. This value is recalled on power up, restoring the last wiper position that was written into the register.
The value of the digital potentiometer is increased or decreased by one step whenever a pulse is applied to the INC pin, which is the first pin for increment on XDCP. The RA5 pin from port A of the microprocessor outputs pulses to control the value of the digital potentiometer according to the input data from the output of the monostable. Pins RA0-RA3 are connected to the CS pin of the digital potentiometer to select the chip that is currently being adjusted. RA4 controls the potentiometer increment and decrement when there is a pulse presented to pin INC. A 20-MHz crystal oscillator that is connected to OSC1 provides the microprocessor clock. There are two microprocessor states: adjustment and working. In the adjustment status, the microprocessor adjusts the digital potentiometers to proper positions, while it is monitoring the outputs of the monostables. In the working status, the microprocessor processes signals obtained by electronic circuits. The processing procedure removes some unwanted signals from the vehicle reflection. The processing implementation is based on the detection of the signal period. The unwanted reflection signals are removed by determining the signal duration. If the signal duration is less than a specified amount, it is considered an unusual signal. Fig. 7 shows the main flowchart for adjusting the digital potentiometers. The software is written in C language, and this C file is compiled into machine code, which is burned into the microprocessor's memory. At the beginning of an adjustment, all potentiometers are set to zero. When the BT0 button in Fig. 6 is pushed, the microprocessor that controls the power of lasers and provides the referenced synchronized signals will turn OFF the lasers and perform the algorithm shown in Fig. 4 to find N sn . When the interrupt to the microprocessor occurs, the value of N sn is saved in the memory of the microprocessor. This procedure (called preadjustment) finishes in 2-3 s. After preadjustment, the microprocessor will turn ON the lasers. After the BT1 button in Fig. 6 is pushed, the microprocessor sets the potentiometers to 0 again and then increases the resistances of the potentiometers step by step until an interrupt occurs from the corresponding channel. At this point, the value of N si will be saved in the memory. After both N sn and N si have been found, the microprocessor will reset the potentiometer to ((N si + N sn )/2) and lock the value in the XDCP's memory. An LED indicator is used to indicate one of the three statuses listed below. 1) Continuous ON: A proper value has been received. 2) Slow flashing: The value of the XDCP may be equal to zero (the system should be adjusted). 3) Fast flashing: The value of the XDCP may be equal to the maximum value of 50 kΩ (the system should be adjusted). The following are functions used in the software. XdcpSet() is the main function that controls the height of the TW. When the adjust button is pushed, this function will be called by the main() procedure. The XDCP is set to the proper value, so that the laser signal can be detected by the digitaloutput circuit.
C. Software
When an interrupt from pins RB4-RB7 is received, an interrupt handler stores the 16-bit time stamp and the port-B status in an array of 24 B. The time stamp is stored in the first two bytes, and the status is stored in the third byte. Therefore, the array can store the time stamps and statuses of eight interrupts. The shorter the interrupt procedure is, the better it is. At least, it should be short enough to be processed before the second interrupt occurs. The interrupter handler is only used to store the states and time.
XdcpIntHandling() in Fig. 7 will be called when the interrupt counter is not zero. It reads data from the interrupt status array, determines which channel(s) caused the interrupt, and sets the last 4 bits of xdcp_cs_buffer, which presents the difference between the current status and the last status of port b. If one bit is different, the corresponding XDCP will be unselected by clearing the bit.
D. Experimental Results

1) Results of Signals:
The signal input of the LBDS utilizing TWs, which were obtained in our laboratory with a small noise, are shown in Fig. 8 . The width of the pulsed signal is about 250 ns, the amplitude is about 2 V, and the noise level is about 0.5 V. At the time when the laser diodes are triggered by the microprocessor, the microprocessor also outputs a negative pulse that drags the low terminals of the potentiometers to the ground level. Then, the wiper output of the potentiometer will form the TW signal r(t). Since the time when the pulsed laser signal appears on the output of the preamplifier and the time when the wiper output of the potentiometer are almost the same, the synchronization between them is guaranteed. The results in Fig. 8 are explained as follows. Fig. 8(a) shows an oscilloscope view of the signal i(t) after the preamplifier. The maximum value of the signal is about V s , and the minimum value of the noise is about V n . 2) Fig. 8(b) shows the oscilloscope figure of the reference signal r 0 (t), which equals r(t) before adjusting the DCP (DCP = 0). 3) Fig. 8(c) shows r(t) when the DCP is set to N sn . The bottom of the TW goes up from the position in 2). Fig. 8(d) shows the view of the output of the comparator after the DCP has been set to N sn . 5) Fig. 8(e) shows the oscilloscope view of the TW r(t) when the DCP is set to (N si + N sn )/2. 6) Fig. 8(f) shows the view of u(t) after the DCP is set to
1)
4)
The output u(t) is as high as 5 V beyond the TW. Only the signal in the TW can be obtained. All of the noise is rejected when the magnitude of noise is less than 5 V beyond the TW and the magnitude of noise is less than (N si + N sn )/2 inside of the TW. Fig. 9 shows the signal results acquired from highway field testing. Compared with Fig. 8(e) and (f) , the results show that all of the noise has been rejected even in the noisy highway environment.
E. Results of Vehicle Parameters
The field-testing results acquired on the I-80 highway in Sacramento, CA, are shown in Fig. 10 . The upper portion is the LBDS device mounted on the field. The lower portion is the screen snapshot of the result calculated by the computer, where "v1" is the front speed (in miles per hour) of vehicle, "v2" is the rear speed of the vehicle, and "l" is the length of the vehicle (in meters). We use eight of the available 25 elements of the APD for each side of the LBDS. The 0-7 channels are the elements of the front side, and the 8-15 channels are the elements of the other side. The result shows that the front speed of the detected vehicle is about 74.33 mi/hr, while the rear speed of the vehicle is 74.83 mi/hr, and the length of the vehicle is about 5.16 m. The maximum speed difference among the channels is about 1.3%. The four center channels have almost the same results due to higher laser-light intensity generated by the Gaussian distribution of the laser source. According to the error analysis in [15] , the maximum error is about 2.5% when the speed is about 75 mi/h.
V. CONCLUSION
Noise rejection utilizing TWs is very successful in the LBDS. All of the noise beyond the TW was rejected, including the impulse noise caused by the other laser source. The ideal width of the TW is the duration of the signal pulse. Even though the shape of TW, which should be ideally square, is distorted as shown in Fig. 8 due to the CMOS switch of the DCP, the performance of the circuit is still good. Since the bottom line of the TW is variable and can be configured by the microprocessor automatically according to the noise level and the signal level, the proposed noise-rejection method is effectively adaptable to many different applications with heavy noise.
